L ow back pain (LBP) is the leading cause of non-fatal disability worldwide, [1] [2] [3] often resulting in persistent pain and limitations in the performance of daily functional activities. 4, 5 The primary reason people with LBP seek initial and repeat medical care for a LBP condition is limitations in the performance of functional activities. 6, 7 Although exercise has been shown to be an effective approach for the treatment of chronic LBP, no specific form of exercise has been shown to be most effective for improving LBP-related functional limitations. [8] [9] [10] [11] One possible explanation may be that the exercise-based treatments have not focused on identifying and modifying symptom-provoking movement patterns used repeatedly throughout the day with performance of functional activities.
During clinical tests of movement, an altered movement pattern frequently identified in people with LBP has been one in which the lumbar spine moves more readily into its available range of motion compared to other joints that contribute to the overall movement (eg, hip or thoracic spine). [12] [13] [14] [15] Theoretical models such as the kinesiopathologic model 12 provide a conceptual framework to understand how an altered movement pattern of early lumbar motion may contribute to the development and course of LBP. [16] [17] [18] A primary assumption of the kinesiopathologic model is that people adopt an altered lumbar movement pattern that is repeated throughout the performance of functional activities across the day. Because most functional activities are performed in the early to middle ranges of lumbar motion, [19] [20] [21] it is proposed that the repeated use of the altered lumbar movement pattern may lead to an accumulation of lumbar tissue stress, microor macrolevel tissue injury, and eventually pain. [22] [23] [24] [25] Recent data suggest that people with LBP and high levels of functional limitation consistently display a pattern of early lumbar motion during functional activity tests. 26 Additional research suggests that the pattern of early lumbar motion is associated with a persons' LBP symptoms 16, 17, 27, 28 and functional limitations. 26, 29 Therefore, treatment directed at decreasing the amount of early lumbar motion during a functional activity may be a logical and direct approach to improving symptoms and functional limitations in people with chronic LBP.
Prior research has demonstrated that people with LBP can reduce the amount of early lumbar motion during a single session of training through the use of verbal and tactile cues during the clinical test of hip lateral rotation. 30 It also has been shown that people with LBP are able to modify their altered lumbar movement pattern following 6 weeks of training to reduce the amount of early lumbar motion during the hip lateral rotation test. 18 Modifying the lumbar movement pattern during clinical tests has been shown to be an effective method to reduce LBP symptoms 16, 17 and functional limitations. 31 Given the significance of limitations in functional activities for people with LBP, it would be important to examine the ability to modify the lumbar movement pattern during a functional activity, the effect of modifying the movement pattern on pain, and the characteristics of people that influence the ability to modify the pattern.
The primary purpose of the current study was to examine the ability of people with LBP to reduce the amount of early lumbar motion during a functional activity test within a single session of motor skill training. Motor skill training is a form of training that involves practice of a skill to promote the acquisition and refinement of novel combinations of motor sequences through challenging practice. Studies in humans suggest that motor skill training produces neural changes that are associated with the acquisition of a new motor skill. [32] [33] [34] [35] [36] Because limitation in functional activities is the primary reason people with LBP seek initial and repeat medical care, 6, 7 motor skill training during a functional activity represents a direct approach to address the performance of the activity. A key component of the motor skill training in this study was that the training emphasized intrinsic feedback to facilitate learning [37] [38] [39] during challenging practice of a functional activity that is often painful and limited 40 for people with LBP (eAppendix, available at https://academic.oup.com/ptj). We hypothesized that, following motor skill training, people with LBP would demonstrate decreased early lumbar motion during performance of the functional activity test.
A second purpose was to examine the effect of modifying the lumbar movement pattern on pain. We hypothesized that decreasing the amount of early lumbar motion would result in a decrease in pain during performance of the functional activity test. The final purpose of the study was to conduct an exploratory analysis of the characteristics of people with LBP that were associated with the ability to minimize the early lumbar motion when performing the functional activity. Although this was an exploratory analysis, we hypothesized that certain demographic variables, hamstring extensibility, lumbar lordosis angle, LBP, and movement characteristics would be associated with the change in early lumbar motion following training. Specifically, we hypothesized that participants who were younger and less impaired (ie, greater hamstring extensibility, shorter duration of LBP history, and lower levels of pain, functional limitation, and fear avoidance behaviors) would demonstrate greater change in early lumbar motion. Improved understanding of the characteristics that may influence the ability of a person to modify an altered movement pattern may be important to assist in prognosis as well as the clinical decision making process for the delivery of this type of intervention.
Methods
Twenty-six people with chronic LBP 41 were recruited through advertisements in the St Louis metropolitan area. Chronic LBP was operationally defined as LBP present on greater than half of the days in a 12-month period. 41 Participants with LBP were excluded if they were in an acute flare up 41 or reported a history of various structural or systemic reasons for LBP, or psychosocial factors known to negatively affect outcomes. 42 In order to provide a reference for examining the amount of early lumbar motion during the untrained or preferred movement, an additional 16 people who were matched for sex, age, height, weight, and body mass index and who had healthy backs also were recruited. Inclusion and exclusion criteria are listed in Table 1 . All participants signed a written informed consent form approved by the Washington University School of Medicine Human Research Protection Office.
Self-Report Measures
Following consent, all participants completed a survey of demographic information and the 36-Item Short-Form Health Survey. 43 Participants with LBP also completed 4 self-report surveys: an LBP history questionnaire, a numeric pain rating scale, 44, 45 the Modified Low Back Disability Questionnaire (MLBPDQ), 46 and the Fear Avoidance Beliefs Questionnaire. 47 All participants were assessed by an experienced physical therapist for hamstring extensibility using the Hamstring Length and Associated Lumbar Flexibility test (hamstring length). 48 
Laboratory Measures
An 8-camera, 3-dimensional motion capture system (Vicon Motion Systems, Ltd, Denver, Colorado) with a sampling rate of 120 Hz was used to capture kinematic data. Retroreflective markers were placed on predetermined landmarks of the lower extremities, pelvis, and trunk. 26 Participants were instructed to stand in a comfortable position with feet placed pelvis-width apart. Participants performed 3 separate movement trials for 2 conditions of the Pick Up an Object (PUO) functional activity test; the average of the 3 trials was examined. 26, 30 For both PUO test conditions, a lightweight container measuring 20 by 30 by 12 cm was placed at a height equal to the participant's shank length and at a distance equal to half of the participant's trunk length. 26 Participants received verbal instructions to pick up the object using both hands and return to the starting position. A maximum of 10 seconds was allowed to complete each movement trial, and participants were instructed to move at a self-selected speed. LBP was measured using a numeric pain rating scale to establish a participant's baseline pain intensity in standing. Participants were told that they would be asked to pay attention to their pain during the PUO tests. Following each movement trial, participants reported whether their pain increased, decreased, or remained the same during the forward flexion phase of movement compared to their baseline pain in standing. 16, 17 Participants who reported an increase in pain for any of the 3 movement trials were considered to have increased pain during the movement. Participants who reported a decrease in pain for any of the 3 movement trials were considered to have decreased pain during the movement. In this study, no participants reported an increase and a decrease in pain during any set of the 3 movement trials.
For the first PUO functional activity test condition, a participant was not provided any instruction regarding how to move before performing the test and, thus, the movement was considered the participant's preferred movement pattern (PUO-Preferred).
Upon completion of the PUO-Preferred movement trials, participants with LBP underwent a 20-minute session of motor skill training by a trained physical therapist (eAppendix). The goal of the skill training is to promote motor learning of a task through challenging practice. The focus for the PUO task was on decreasing the amount of early lumbar motion with performance of the functional activity. The training included demonstration, visual cues, tactile cues, and opportunity for practice providing both external feedback and encouraging the use of intrinsic feedback. 49 A primary objective of the motor skill training was to promote the development and use of intrinsic feedback and problem solving on the part of the participant, so extrinsic feedback was removed as quickly as possible. Participants then performed 3 separate trials of the second PUO functional activity test condition (PUO-MST) and reported whether their symptoms increased, decreased, or remained the same during the movement compared to their symptoms while standing.
A fourth-order, dual-pass Butterworth filter with a cutoff frequency of 3 Hz was applied, and the kinematic data were processed using Visual 3D software (C-Motion, Inc, Germantown, Maryland), and MATLAB (MathWorks Inc, Natick, Massachusetts) custom written software. The lumbar lordosis angle in the initial standing position was calculated. The formula used was lordosis = 2arctan[0.5 × (length/ depth)], where length is equal to the vertical distance from the L1 marker to the L5 marker and depth is equal to the perpendicular distance from the L3 marker to the length vector. [50] [51] [52] A vector between the C7 marker and the T12 marker defined the thoracic segment. A vector between the T12 marker and the S1 marker defined the lumbar segment. Markers placed on the right and left posterior superior iliac spine, iliac crest, and anterior superior iliac spine and the distal sacrum defined the pelvis segment. Markers on the midthigh, greater trochanter, and the medial and lateral knee joint line defined the thigh segment.
Sagittal plane angular displacements of the thoracic, lumbar, pelvis, and thigh segments were calculated from the start of forward trunk flexion to the stop of forward trunk flexion for both test conditions. Excursion of the thoracic spine was calculated relative to the lumbar segment. Excursion of the lumbar spine was calculated relative to the pelvis segment. Excursion of the hip was calculated as angular displacement of the pelvis relative to the thigh segment. Trunk excursion was defined as the angular displacement of the combined thoracic, lumbar, and hip segments. The start of motion was defined as a 1-degree change in sagittal plane forward trunk flexion. The predictor variables included the participant characteristics listed in Table 2 and early-phase lumbar excursion during the PUO-Preferred test. Finally, to assist in the choice of the final predictor variables to be included in the regression analysis, bivariate correlations also were calculated among the predictor variables that were correlated significantly with the criterion variable (P < .05).
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Results

Participant Characteristics
There were no differences between participants with LBP and participants with healthy backs in sex distribution, age, height, weight, or body mass index. There were no differences between participants with LBP and participants with healthy backs in initial lumbar lordosis angle in standing or hamstring extensibility (P > .05) (Tab. 2).
Movement Excursion
Mean total movement time, maximal and early-phase lumbar excursion, and maximal hip excursion for the 2 PUO conditions are presented in Table 3 . There were no differences between participants with LBP and participants with healthy backs for total movement time (t = 0. 
Pain with Movement
Forty-two percent (11/26) of LBP participants reported an increase in pain compared with baseline pain in standing during the PUO-Preferred test. Following skill training, 91% (10/11) of these participants no longer reported an increase in pain during the PUO-MST test (P < .01). There were no differences in age, height, weight, body mass index, lumbar lordosis angle, hamstring extensibility, MLBPDQ, or pain intensity between the participants with increased pain and the participants with decreased or no change in pain during the PUO-Preferred test (Tab. 4). However, the participants who reported increased pain during the PUO-Preferred test had significantly higher Fear Avoidance Beliefs Questionnaire work subscale (t = 2.70, P = .01) and physical activity subscale (t = 3.03, P < .01) scores.
Variables Associated With Change in Early-Phase Lumbar Excursion
The 4 predictor variables that were correlated significantly with the dependent variable, change in early-phase lumbar excursion, included hamstring length (r = − 0.52, r 2 = 0.27, P < .01), MLBPDQ score (r = 0.57, r 2 = 0.33, P < .01), duration of LBP symptoms (r = 0.39, r 2 = 0.16, P = .05), and PUO-Preferred early-phase lumbar excursion (r = 0.88, r 2 = 0.78, P < .01) (eTable, available at https://academic.oup.com/ptj). These results indicate that a greater change in early-phase lumbar excursion following training is associated with decreased hamstring extensibility, increased MLBPDQ scores, longer duration of LBP symptoms, and greater early-phase lumbar excursion in the PUO-Preferred condition. Intercorrelations among the predictor variables that were significantly correlated with the dependent variable are presented in the eTable (available at https://academic.oup. com/ptj).
With a sample size of 26 participants, 3 variables could be entered into the regression analysis. Because the PUO-Preferred early-phase lumbar excursion was significantly correlated with both MLBPDQ and hamstring length, a decision was made to exclude MLBPDQ from the regression analysis. This decision was based on prior research that indicated that MLBPDQ scores were consistently positively associated with the amount of early-phase lumbar excursion in a PUO-Preferred condition. 26, 29 Thus, MLBPDQ scores were redundant with the amount of early phase lumber excursion in the PUO-Preferred condition. Therefore, in the regression analysis, we included the following 3 predictor variables: hamstring length, duration of LBP symptoms, and PUO-Preferred early-phase lumbar excursion. The 3-variable model accounted for 82.1% of the variance in the change in early-phase lumbar excursion (F(3,22) = 33.70, P < .01) (Tab. 5). Duration of LBP symptoms (β = − 0.22, P = .03) and PUO-Preferred early-phase lumbar excursion (β = − 0.82, P < .01) were the only significant predictors in the regression model. These results indicate that the longer the duration of LBP and the more early-phase lumbar excursion displayed during the PUO-Preferred test, the greater the change in early-phase lumbar excursion participants displayed following training.
Discussion
The first purpose of this study was to examine if people with LBP could modify their preferred lumbar movement pattern during a functional activity test. We found that following training, participants with LBP were able to reduce the amount of early-phase lumbar excursion and displayed a pattern of lumbar excursion similar to the pattern displayed by participants with healthy backs. The second purpose of this study was to examine the effect of motor skill training on LBP reported during a functional activity. Consistent with our hypothesis, 91% of participants with increased LBP during the preferred movement reported decreased LBP following training. Therefore, modifying the lumbar movement pattern was an effective approach to improving LBP. The final purpose of the study was to explore which characteristics of people with LBP were associated with the ability to modify their preferred pattern of lumbar excursion during the functional activity test. We found that the longer the person had LBP, and the more early-phase lumbar excursion a person displayed during the preferred movement condition, the more a person could change his lumbar movement pattern after motor skill training.
Prior work has shown that people with LBP with high levels of functional limitation consistently display early lumbar motion when the conditions of a functional activity test are varied, suggesting that people with LBP adopt altered movement patterns that are used across activities throughout the day. 26 In the current study, we found that although people with healthy backs and people with LBP displayed similar amounts of maximal lumbar and hip excursion with performance of a functional activity test, people with LBP displayed an altered movement pattern of early lumbar motion compared to people with healthy backs during the preferred movement condition. In addition, we found that immediately after a 20-minute session of skill training, people with LBP were able to modify their preferred movement pattern by reducing the amount of early-phase lumbar excursion during the same functional activity test. Although the change in the amount of early-phase lumbar excursion exceeded the standard error of the measure (0.8°-1.2°), it is unknown whether the change in early-phase lumbar excursion is clinically meaningful. Following training, however, there were no differences in the amount of early-phase lumbar excursion with the functional activity test between participants with LBP and participants with healthy backs. Thus, the LBP group was performing the functional activity in a manner that was similar to people who do not have LBP.
Additionally, 91% of people no longer reported increased pain with movement following the training, suggesting that modifying the altered lumbar movement pattern was directly relevant to their current pain.
Two previous studies have documented that following a single session and 6 weeks of training, people with LBP were able to modify their preferred lumbar movement pattern during a clinical test by reducing the amount of early lumbar motion. 18, 30 Different from the prior studies, we were interested in whether people with LBP could modify their preferred lumbar movement pattern during a functional activity test. Because limitations in the performance of daily functional activities is a primary reason people with LBP seek medical care, 6, 7 we chose to use the PUO functional activity test. 26 Although certain procedures of the PUO test were standardized, the test mimics a typical functional activity performed in a range of lumbar motion consistent with the demands of most functional activities, 20, 21 which are often problematic for people with LBP. 40 Our findings are important because we have shown that people with LBP can modify an altered movement pattern known to be associated with a person's LBP-related functional
Figure.
Change in early-phase lumbar excursion following motor skill training (MST). Data are means and SDs for early-phase lumbar excursion in participants with healthy backs during the Pick Up an Object (PUO) test for the preferred condition (in which participants were not provided any instruction regarding how to move and, thus, the movement was considered the participant's preferred movement pattern) and in participants with low back pain (LBP) during the Pick Up an Object test for the preferred and MST conditions. There was no difference between the preferred condition for participants with healthy backs (BH) and the MST condition for participants with LBP (LBP). Significant effects are indicated by letters: a, significant difference between participants with healthy backs and participants with LBP for the preferred condition; b, significant change in early-phase lumbar excursion between preferred and MST conditions for the LBP group.
limitation 26 in a very short period of time. An important next step would be to examine the immediate and longterm effects of motor skill training using more robust methodology (ie, a randomized controlled trial) that can address some of the limitations of the repeated-measures design. Future research should examine whether motor skill training during functional activities results in better outcomes than other forms of physical therapy treatment, such as strength and flexibility exercise.
Prior studies have documented that, during clinical tests, people with LBP display an altered movement pattern of early lumbar motion [13] [14] [15] and report an immediate improvement in pain when the altered movement pattern is corrected by manually reducing early lumbar motion. 16, 17 Similar to prior research, we also found that reducing early lumbar motion improved pain. However, different from the previous studies, we observed that people with LBP displayed early lumbar motion during a functional activity and were able to modify the movement pattern on their own without manual stabilization of the a For PUO-Preferred, a participant was not provided any instruction regarding how to move before performing the Pick Up an Object (PUO) test, and, thus, the movement was considered the participant's preferred movement pattern. b Descriptive statistics are presented as mean (SD), unless otherwise noted. c Testing of hamstring length and associated lumbar flexibility was conducted in the supine position with the tested leg placed in 90° of hip flexion, the inclinometer aligned with the long axis of the fibula, and the nontested leg placed in a position of hip and knee flexion with the foot flat on the Because not all people with LBP respond similarly to a given treatment, we wanted to know which participant characteristics predicted the ability to modify the altered lumbar movement pattern. When we looked at simple correlations, we found that the ability to reduce early-phase lumbar excursion was significantly associated with decreased hamstring extensibility, higher scores on the MLBPDQ, longer duration of LBP symptoms, and greater early-phase lumbar excursion during the preferred condition. Thus, counter to our hypothesis, the more impaired participants were the ones who were able to change their lumbar movement pattern more. In the regression analysis, only duration of LBP symptoms and early-phase lumbar excursion during the preferred condition were significant individual predictors of the change in early-phase lumbar excursion. It may seem logical that the participants with the most early-phase lumbar excursion changed the most following treatment because these participants had the greatest potential to change. However, our results are somewhat counterintuitive because the altered movement pattern was positively associated with functional limitation (r = 0.65, r 2 = 0.42, P < .01), and one might assume that the more impaired the movement during that activity or the longer a person has had LBP, the more difficulty the person would have modifying the movement pattern. Our results, however, are encouraging because they provide preliminary evidence to suggest that even people that are more impaired are still able to modify their lumbar movement pattern within a short amount of time.
Study Limitations
Although the results of our study are encouraging, we recognize that there are limitations. One potential limitation is that the setup and verbal instructions for the PUO test were standardized and may not reflect the actual circumstances encountered during the performance of daily activities. First, the placement of the object used in the PUO test was scaled to the person rather than set to a constant position. The rationale for scaling the placement of the object to the individual was to decrease the likelihood of differences in movement time and total excursion due to variations in participant height. The standardized methods are consistent with prior research that has attempted to examine movement during a functional activity. [54] [55] [56] [57] [58] Additionally, the participants were instructed not to move their feet, and to retrieve the object using both hands. Although the standardizations may not represent the exact manner in which a person would perform this activity outside of a laboratory setting, they provide an avenue to examine the lumbar movement pattern and changes in the pattern with training.
A second potential limitation is that participants were asked to monitor their pain during the PUO-preferred condition and this may have affected how they responded to monitoring pain during the PUO-MST condition following the training. Although we cannot eliminate this potential bias, the motor skill training involved repeated performance of the activity. Given this, one might expect pain to have increased during the posttest condition rather than decreased. Additionally, the participants were not told to expect an improvement in pain following the training.
A third limitation of the study is that the follow-up time for the repeatedmeasures design was not adequate to measure any lasting effects or transfer of effects of the motor skill training. Because the primary variable of interest, change in early-phase lumbar excursion, was examined on the same day following only 1 session of training, it is not known whether the modified movement pattern would be retained beyond the initial laboratory session or transferred to performance of other unrelated functional activities. Additionally, although we observed an immediate improvement in pain during performance of the movement following training, it is unknown whether modifying the movement pattern would affect pain on subsequent days. Thus, we do not know whether the improvement in pain represents a clinically meaningful change from baseline. We did not collect pain behavior with a numeric pain rating scale; therefore, we can comment only on the direction of change in pain and not the magnitude of the change. Finally, we also do not know whether a Amount of early-phase lumbar excursion (ϒ) during a Pick Up an Object (PUO) test in which a participant was not provided any instruction regarding how to move before performing the test; thus, the movement was considered the participant's preferred movement pattern. b Testing of hamstring length and associated lumbar flexibility was conducted in the supine position with the tested leg placed in 90° of hip flexion, the inclinometer aligned with the long axis of the fibula, and the nontested leg placed in a position of hip and knee flexion with the foot flat on the table.
our results would be generalizable because the sample of people with LBP in the present study was minimally to moderately involved. 46 Future studies should examine the retention and transference of modifying an altered movement pattern with motor skill training, and quantify the short-and long-term effects on outcomes such as pain and functional limitation. Future work also should examine if the effects obtained in the current study are replicated in a sample of people with LBP and higher levels of pain and limitation.
Conclusion
Our findings suggest that people with LBP can modify their preferred lumbar movement pattern during a functional activity test within a single session of motor skill training. Following skill training, people with LBP displayed decreased lumbar excursion in the early phase of the movement that was similar to the amount displayed by participants with healthy backs and decreased pain with performance of the functional activity. The person's preferred movement pattern during the PUO test and duration of LBP symptoms were associated with a person's ability to modify his or her preferred lumbar movement pattern.
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